Abstract. Mouth-exhaled hydrogen cyanide (HCN) concentrations have previously been reported to originate from the oral cavity. However, a direct correlation between the HCN concentration in oral fluid and in mouth-exhaled breath has not been explicitly shown. In this study, we set up a new methodology to simultaneously measure HCN in the headspace of oral fluid and in mouth-exhaled breath. Our results show that there is a statistically significant correlation between stimulated oral fluid HCN and mouth-exhaled HCN (r s =0.76, p<0.001). This confirms that oral fluid is the main contributor to mouth-exhaled HCN. Furthermore, we observe that after the application of an oral disinfectant, both the stimulated oral fluid and mouth-exhaled HCN concentrations decrease. This implies that HCN production in the oral cavity is related to bacterial and/or enzymatic activity.
Introduction
Hydrogen cyanide (HCN) is a lethally toxic volatile compound, which is released in industrial processes [1] , vehicle exhausts [2] and fire fumes [3] . In nature, HCN can be released by degradation of cyanogenic glycosides in plants [4] or by enzymatic activity of cyanogenic bacteria [5] . Low concentrations of HCN are detected in the human body due to endogenous biological processes [6, 7] and environmental exposure. To evaluate the systemic cyanide level, the focus has been on developing fast and reliable methods to measure the cyanide concentration in blood [8] [9] [10] . In addition to blood cyanide, exhaled breath HCN was measured first time by Lundquist et al [11] . Pseudomonas aeruginosa was found to be one of the few bacteria, which can produce cyanide [5] . Hence, cyanide is a potential biomarker of P. aeruginosa lung infection, which is linked to e.g. cystic fibrosis. It has been found that chronic lung infection by P. aeruginosa is the major cause of morbidity and mortality in cystic fibrosis patients [12] .
Current diagnosis methods for P. aeruginosa lung infection include sputum sampling, bronchoalveolar lavage (BAL), cough swab sampling, and blood antibody methods [13, 14] . These methods are invasive and in some cases unreliable. It would be beneficial to develop a non-invasive test, which could detect P. aeruginosa lung infection easily and reliably. Exhaled breath HCN has been proposed to be a biomarker for P. aeruginosa lung infection of cystic fibrosis patients [15] . It was shown that after the culturing of sputum and cough swabs of P. aeruginosa lung infected patients, the HCN concentration in the headspace of P. aeruginosa-positive samples is significantly higher than that of other samples [16] . Elevated concentrations of cyanide ion in the sputum of P. aeruginosa lung infected patients were also found without culturing the samples [17, 18] . It was further demonstrated that mouth-exhaled HCN level in children with cystic fibrosis and P. aeruginosa lung infection is higher than in children with asthma [19] . However, in adult patients with P. aeruginosa lung infection, the mouth-exhaled HCN concentration is not significantly higher than that in non-infected adults [20] . On the other hand, the nose-exhaled HCN concentration in P. aeruginosa lung infected adult patients is significantly elevated [20] .
Mouth-exhaled HCN from healthy people was first studied by selected ion flow tube mass spectrometry (SIFT-MS) [21] [22] [23] . It was found that even healthy adults without P. aeruginosa lung infection generate detectable amount of mouth-exhaled HCN, ranging from 1 ppb to 62 ppb [15, 21, 22] . HCN was also detected in mouth-exhaled breath of healthy adults by cavity ring down spectroscopy (CRDS) in bag sampling, within the range from 1.7 to 13.5 ppb [24] . Interestingly, among children aged 7-18 without P. aeruginosa infection, very little mouth-exhaled HCN was detectable (Interquartile range 0.0-4.8 ppb) [23] . Additionally, Wang et al demonstrated that the mouth-exhaled HCN in healthy people is mainly generated in the oral cavity [25] . This was confirmed by Schmidt et al, who also observed a higher HCN concentration in mouth-exhaled breath than in nose-exhaled breath [26] . To avoid the effect of the oral production, nose-exhaled HCN was suggested for the diagnosis of P. aeruginosa lung infection [20] . However, nose-exhaled breath is still partly affected by mouth-exhaled breath. It has been shown that there is a moderate correlation between nose-exhaled HCN and mouth-exhaled HCN [26] . It would be beneficial to understand how mouthexhaled HCN is generated in order to minimize the influence of mouth-exhaled HCN on nose-exhaled HCN.
Since the oral cavity is the production site of mouth-exhaled HCN [25] and oral fluid was suggested to be the origin of mouth-exhaled HCN [11] , we seek to further clarify how the change of HCN in oral fluid influences mouth-exhaled HCN. Here, we differentiate between oral fluid and saliva. Saliva refers to the fluids secreted by the salivary glands. For example, sublingual saliva refers to the fluid secreted by the sublingual gland. Oral fluid includes not only saliva, but also fluid secreted by the gingival crevices and other species present in the oral cavity, such as bacteria, enzymes, food residues and so on [27] . Saliva reflects the systemic metabolic condition of blood [28, 29] , while oral fluid reflects the oral cavity condition [27] .
In this work, we explore a new methodology to measure HCN simultaneously in the headspace of oral fluid and in mouth-exhaled breath of healthy volunteers. By combining the results of these two types of analyses, we seek to establish a direct correlation with the composition of breath and oral fluid. In addition, we hypothesize that the HCN concentration in oral fluid is related to the bacterial and enzymatic activity of the oral cavity. To test this hypothesis, we conducted oral disinfectant in vitro and in vivo tests.
Materials and Methods

Human subjects and sampling
Twenty five volunteers participated in the study. A written informed consent was obtained from all participating individuals. The research was approved by the Coordinating Ethics Committee of the Hospital District of Helsinki and Uusimaa. We conducted five tests with the volunteers: a sampling method, an inter-subject, an oral disinfectant in vitro and in vivo, and a cyanide spiking test. Three healthy volunteers took part in the sampling method test: two males and one female aged between 28 and 52. Samples were gathered at different times during the day between 8:30 and 16:00. In the intersubject test, a total number of 24 healthy volunteers participated: 18 males and 6 females aged between 22 and 64. The sampling time was between 9:00 and 12:20. The oral disinfectant in vitro and in vivo, and cyanide spiking tests were conducted with two volunteers: one male and one female aged between 28 and 37. The sampling time for all the tests was at least two hours after the last meal.
In the sampling method test, each volunteer gave a mouth-exhaled breath and a stimulated oral fluid sample. Sampling was performed as follows. The volunteer inhaled through the nose, exhaled through the mouth and filled an aluminium-coated 1.3 L sampling bag (Wagner Analysen Technik, WT 8004) with one exhalation. No attempt was made to extract the end-tidal part of the breath. The samples should therefore be considered mixed breath samples, i.e. including the "dead-space" contribution from the oral cavity and airways. Then, the volunteer chewed a piece of plastic paraffin film (30 mm × 30 mm, Parafilm) for one minute. During the chewing, components in the oral cavity were mixed within the oral fluid. The volunteer kept the oral fluid in the oral cavity without swallowing it. After this one minute, all oral fluid was collected onto a plate. In total, we obtained 52 simultaneously stimulated oral fluid and mouth-exhaled breath samples. Each volunteer also gave an unstimulated oral fluid and mouth-exhaled breath sample. The unstimulated oral fluid refers to the oral fluid spit out by the volunteer without chewing a paraffin film. In total, we obtained 46 simultaneously unstimulated oral fluid and mouth-exhaled breath samples.
Twenty four volunteers were recruited for the inter-subject test. Sampling was performed in a similar fashion as in the sampling method test. Each volunteer was instructed to give a mouth-exhaled breath sample and a stimulated oral fluid sample. In total, we obtained 24 simultaneously mouthexhaled breath samples and stimulated oral fluid samples.
Corsodyl was used as a disinfectant in the oral disinfectant in vitro test. Corsodyl contains 0.2% of chlorhexidine digluconate and 96% ethanol, and destroys most of the oral bacteria and inhibits enzyme activity for at least two hours [30] . Each volunteer was requested to give sublingual saliva and stimulated oral fluid samples. The sampling for sublingual saliva was performed as follows. The volunteer touched the back of the upper front teeth with the apex of tongue, tilted head forward and let the freshly secreted saliva flow out directly from the sublingual area into a tube or a plate. To eliminate the possibility of contamination by oral bacteria, the safest sampling technique seems to be to insert a tube directly into the sublingual area during sampling. The stimulated oral fluid sampling procedure was performed in a similar fashion as in the sampling method test. We prepared three tubes for the disinfectant in vitro test (table 1) . The tubes were shaken for one minute to mix the oral fluid samples and the added solutions. The same protocol was repeated three times on two volunteers. In the oral disinfectant in vivo test, each volunteer was instructed to give four simultaneously mouth-exhaled breath samples and stimulated oral fluid samples before the disinfectant mouth rinse. The stimulated oral fluid samples were obtained in a similar fashion as in the sampling method test. Next, the volunteer rinsed her mouth for one minute, using 10 mL of the Corsodyl disinfectant. Immediately after the mouth rinse, the volunteer gave a mouth-exhaled breath and a stimulated oral fluid sample. Subsequent samples were taken after 30, 60, 90 and 120 minutes following the disinfectant mouth rinse.
In the cyanide spiking test, each volunteer was requested to give a stimulated oral fluid sample. Potassium cyanide (KCN) was dissolved in distilled H 2 O to prepare the cyanide solution. Four tubes were prepared for this test (table 2) . The tubes were shaken for one minute to mix the solutions. The same protocol was repeated three times on two volunteers. ). The temperature of the sample cell was stabilized at 37 ℃. The measurement pressure in the cell was 50 Torr and 76 Torr for mouth-exhaled breath samples and oral fluid headspace samples, respectively. The HCN absorption peak overlaps with the CO 2 absorption peak and consequently lower sample pressure was used for the breath samples to reduce spectral interference. Representative spectra for both types of samples are found in the supplementary material (available from XXX). The detection limit of the spectrometer for HCN was previously determined to be 300 pptv (two standard deviations) [26] . The instrumental precision of the measurement was estimated by measuring the standard deviation of ten bag samples. The obtained precision was 140 pptv (two standard deviations). The absolute accuracy was confirmed by comparative measurements with a commercial reference HCN gas standard, which was certified to within 10%. Precision of the actual headspace and exhaled breath measurements is ultimately determined by the variance in the sampling. The sampling error is always larger than the instrumental error, and the magnitude of the error depends on the sampling technique that is employed.
Headspace measurement of HCN.
The pK a value of cyanide is 9.3. The normal pH range of saliva is 6.2-7.4 [31] and therefore 98 -99 % of cyanide is in the HCN form. According to Henry's law, HCN evaporates rapidly from liquid to gas phase. Hence, the headspace method can be used to measure the HCN concentration of oral fluid. Previous studies have used the static headspace method [9, 32, 33] . In our study, we measured the headspace HCN concentration of oral fluid directly in a flow. In addition, instead of using traditional solution headspace, we used cotton swabs as the oral fluid sample carriers. The large surface area of the cotton fibre enhances the HCN evaporation from oral fluid.
The headspace measurement was performed in the following fashion. A cotton swab was dipped into the sample solution to obtain 0.070-0.080 g of the solution. The cotton head of the swab was cut and placed in a 4 mL glass vial, which was connected to the CRDS spectrometer inlet tube. Ambient air flowed into the vial and HCN gas evaporated from the sample. HCN was delivered into the CRDS measurement cell with ambient air. The HCN concentration in ambient air is less than 0.3 ppb, which is considerably lower than the headspace HCN concentration of oral fluid. Hence, ambient air does not affect the HCN headspace measurements. The air flow rate was kept at 10 mL/min using a mass flow controller. After 10 min of air flow, the observed HCN concentration signal became stable. This indicated that the gas/liquid interface in the sample vial has reached an equilibrium. At this point, the HCN spectrum was recorded.
To investigate the repeatability of the headspace measurement of HCN in oral fluid, we measured HCN concentration in two consecutive stimulated oral fluid samples. The sampling time between them was 15 min. Every 30 min, we measured another set of two consecutive stimulated oral fluid samples. Altogether, 17 pairs of samples were obtained. Two volunteers participated in the repeatability test.
Measurement of mouth-exhaled HCN.
To measure the HCN concentration from mouth-exhaled breath in the sampling bag, we connected the bag to the inlet tube of the CRDS spectrometer. A mass flow controller kept a flow of 500 mL/min through the sample cell. After one minute of air flow, we closed the cell and adjusted the pressure to 50 Torr and started the HCN concentration measurement. Total measurement time was about four minutes. For experimental details, see Schmidt et al [26] . All the mouth-exhaled HCN values presented in this study are normalized by the CO 2 concentration of the exhaled breath. Normalization of the target compound reduces the sampling variation among different subjects [34, 35] . The normalization of mouth-exhaled HCN (HCNm,norm) was calculated as in (1):
The 4.1 % multiplication factor is the mean CO 2 concentration of the breath samples taken during the study.
Statistical analysis
Spearman's rank correlation test was used to analyze the correlations between oral fluid HCN and mouth-exhaled HCN. In this test, the p value refers to the probability of obtaining the observation results, assuming the correlation coefficient was zero (null hypothesis), and r s is the correlation coefficient.
Results
The repeatability test in the headspace measurement of oral fluid HCN
In figure 1 , the results of 17 sets of two consecutive headspace oral fluid measurements are plotted. HCN concentration of the first sample is plotted on the horizontal axis, while the HCN concentration of the second sample is plotted on the vertical axis. A least squares regression line was fitted to the data, and the intercept was set to zero. The slope of the equation is 0.88 and R 2 is 0.91. The limited repeatability in the headspace measurement is due to the difficulty in obtaining consistent oral fluid samples. 
The sampling method and inter-subject test
In the sampling method test, there is a correlation (r s =0.48, p<0.001) between unstimulated oral fluid HCN and mouth- exhaled HCN (figure 2a) . However, there is a stronger correlation (r s =0.76, p<0.001) between stimulated oral fluid HCN and mouth- exhaled HCN (figure 2b) . Consequently, we used stimulated oral fluid as the sampling method for the inter-subject test. In the inter-subject test (n=24), there is a correlation (r s =0.58, p=0.003) between stimulated oral fluid HCN and mouth-exhaled HCN ( figure 3) . Additionally, we observed a negative correlation between age and stimulated oral fluid HCN (r s =-0.45, p=0.03), but a similar correlation was not found between age and mouth-exhaled HCN. 
Oral disinfectant in vitro test
Our results show that the HCN concentration in stimulated oral fluid (5.3 and 10.8 ppb) is higher than in sublingual saliva (1.2 and 3.7 ppb) in both volunteers (figure 4). After adding an oral disinfectant to inhibit bacterial and enzymatic activity, the HCN concentration decreases to 1.6 and 3.8 ppb respectively, which are close to their HCN concentration in sublingual saliva. 
Oral disinfectant in vivo test
After the mouth rinse with an oral disinfectant, both the mouth-exhaled HCN and stimulated oral fluid HCN concentrations decrease significantly in both volunteers ( figure 5 ). This indicates that oral fluid HCN levels have a major effect on mouth-exhaled HCN levels. The decrease of the HCN concentrations also implies that mouth-exhaled HCN levels are related to oral bacterial and enzymatic activity. 
Cyanide spiking test
Our results demonstrate that the changes of the HCN concentration in spiked stimulated oral fluid in volunteer A (from 1.7 to 2.8 ppb) and volunteer B (from 4.0 to 3.7 ppb) are much smaller than in spiked distilled H 2 O (from 0.2 to 2.8 ppb) ( figure 6 ). This indicates that a major part of the spiked cyanide is eliminated in stimulated oral fluid. 
Discussion
The origin of mouth-exhaled HCN was first suggested to be oral fluid by Lundquist et al [11] . It has also been shown that mouth-exhaled HCN is mainly generated in the oral cavity [25] . Hence, we assumed that HCN in the headspace of oral fluid should be strongly correlated to mouth-exhaled HCN. In the sampling method test, the correlation between unstimulated oral fluid HCN and mouth- exhaled  HCN is only moderate (r s =0.48, p<0.001) . However, the correlation between stimulated oral fluid HCN and mouth- exhaled HCN is stronger (r s =0.76, p<0.001 ). This implies that the oral fluid sampling technique is crucial. The difference between stimulated oral fluid and unstimulated oral fluid is the chewing of a piece of paraffin film. After chewing, components of the entire oral cavity are mixed within the stimulated oral fluid. Thus, stimulated oral fluid HCN reflects the condition of the whole oral cavity. In contrast, unstimulated oral fluid sampling does not mix the different compartments of the oral cavity effectively and only partially reflects the condition of the oral cavity. This explains why mouth-exhaled HCN is correlated stronger to stimulated oral fluid HCN than to unstimulated oral fluid HCN.
The coefficient of determination (R 2 ) in the sampling method test for stimulated oral fluid HCN vs. mouth-exhaled HCN is 0.58, implying that stimulated oral fluid HCN only contributes to 58% of mouth-exhaled HCN. We believe that the low R 2 value is mainly due to the variance in the oral fluid sampling. In the repeatability test (figure 1), we show that it is difficult to obtain highly consistent oral fluid samples. Although there is inadequacy in the oral fluid sampling technique, we still observe a statistically significant correlation between stimulated oral fluid HCN and mouth-exhaled HCN. This indicates that the new methodology, measurement of HCN in the headspace of oral fluid, gives consistent results with mouth-exhaled HCN measurements.
We further measured stimulated oral fluid HCN and mouth-exhaled HCN simultaneously in 24 volunteers. The result shows a moderate correlation (r s =0.58, p=0.003). There are two implications of this result. Firstly, measurement of HCN in the headspace of oral fluid could be used to approximately estimate the change of HCN concentration in mouth-exhaled breath. Secondly, the correlation coefficient (r s ) in the inter-subject test is lower than the sampling method test, because the variation of the oral fluid sampling from different volunteers is larger. This further confirms that the oral fluid sampling technique is crucial in the oral fluid headspace measurement. The mean value of the mouthexhaled HCN without CO 2 normalization in the inter-subject test is 3.9 ppb. The mean value measured previously in our laboratory for healthy adults using the same analysis technique was 6.6 ppb [26] . Spanel et al have measured mouth-exhaled HCN from healthy children, young adults and senior volunteers using SIFT-MS. The results differ slightly between different age groups but the median values were always between 8-10 ppb [21, 22] . The differences between the studies might be at least partially explained by the sampling techniques and the instructions given to the volunteers, leading to effectively different exhalation rates during sampling. Since HCN is mainly generated in the oral cavity, a higher exhalation flow rate could result in a lower exhaled HCN concentration.
In the oral disinfectant in vitro test, we found that after adding an oral disinfectant into stimulated oral fluid, the HCN concentration decreases rapidly. The oral disinfectant has been proven to inhibit the activity of bacteria and enzymes for at least two hours [30] . We believe that after adding the oral disinfectant, both oral bacteria and enzymes in stimulated oral fluid cease their activity and stop producing HCN. This leads to a considerable decrease of the headspace HCN concentration. The HCN concentration decreases to 1.6 and 3.8 ppb in volunteer A and volunteer B, respectively, which is close to their sublingual saliva headspace HCN concentration (1.2 and 3.7 ppb). Sublingual saliva is secreted freshly from the sublingual gland and is not normally contaminated by oral bacteria and enzymes [27] . We assume that sublingual saliva HCN represents the inherent salivary free cyanide, which is correlated to the systemic cyanide level. Most oral fluid HCN, however, is produced by oral bacteria or enzymatic activity. This confirms the assumption of Gilchrist et al, who hypothesized that oral hygiene affects mouth-exhaled HCN production [20] . Moreover, our results imply that a large part of the HCN that we measured in the headspace of the oral fluid is being actively produced by the sample during the measurement.
Regarding the bacterial HCN production, P. aeruginosa is one of the likely candidates to produce HCN in the oral cavity. Previous studies have shown that P. aeruginosa produces HCN in vitro [5, [36] [37] [38] . P. aeruginosa has also been found in the oral cavity of supposedly healthy volunteers [39] . Other bacteria could also produce HCN. For example, Lechner et al reported that Helicobacter pylori infection increases the level of mouth-exhaled HCN [40] . Concerning the enzymatic HCN production, it was proposed that cyanide is generated through the oxidation of thiocyanate (SCN -) by peroxidase [11] . However, other studies have shown that the oxidation of SCN -by peroxidase produces the hypothiocyanite ion (OSCN -) [41, 42] . In the oral disinfectant in vivo test, we observed that after the mouth rinse with an oral disinfectant, mouth-exhaled HCN concentration decreases along with the oral fluid HCN concentration. The result not only confirms that mouth-exhaled HCN mainly comes from the oral cavity, but also explicitly shows that oral fluid HCN is the main contributor to mouth-exhaled HCN. One important implication of this result is that oral disinfectant has the ability to eliminate the production of HCN in the oral cavity. It has been suggested that if oral hygiene is maximized, mouth-exhaled HCN could still be used to diagnose P. aeruginosa infection in adults [20] .
In the cyanide spiking test, we observed that the change of the headspace HCN concentration in spiked stimulated oral fluid is smaller than in spiked distilled H 2 O. The change of pH after adding cyanide solution in distilled H 2 O is from 6.78 to 6.85, and in oral fluid from 7.34 to 7.48. In this pH range, 98-99 % of cyanide is in the HCN form and hence the change in pH cannot explain the change in the HCN concentration. The result indicates that stimulated oral fluid has the ability to eliminate the spiked cyanide. Previous studies have shown that cyanide present in the human body can be eliminated by cyanide detoxification mechanisms, such as enzymatic reaction with rhodanese [43] or conjugation with albumin [8, 44] and methemoglobin [45] . Albumin is found in oral fluid [46] . Based on the above results, we propose the following mechanism of HCN production in the oral cavity. In oral fluid, a minor fraction of HCN comes from inherent salivary free cyanide, which can be measured through sublingual saliva. This minor fraction of HCN relates to the systemic cyanide, which can be generated by e.g. neutrophils [6, 7, 47] . The major fraction of HCN in oral fluid, however, is produced by bacterial and enzymatic activity. The HCN concentration in the oral cavity is constantly regulated by the cyanide detoxification systems of the body. Eventually, the HCN in oral fluid evaporates into the gas phase and becomes mouth-exhaled HCN through breathing.
Conclusion
To our knowledge, this is the first study that combines mouth-exhaled breath analysis with simultaneous oral fluid analysis. Our results reveal a statistically significant correlation between stimulated oral fluid HCN and mouth-exhaled HCN. Through the headspace measurement, we confirm that cyanide oral production is most likely linked to bacterial and enzymatic activity. Furthermore, we show that the HCN concentration in oral fluid is actively regulated by a detoxification mechanism.
